The vascular wall is an integrated functional component of the circulatory system that is continually remodelling or is developing atherosclerosis in response to hemodynamic or biomechanical stress. In this process mechanical force is an important modulator of Vascular Smooth Muscle Cell (VSMC) morphology and function, including apoptosis, hypertrophy and proliferation that contribute to the development of atherosclerosis, hypertension, and restenosis. How VSMCs sense and transduce the extracellular mechanical signals into the cell nucleus resulting in quantitative and qualitative changes in gene expression is an interesting and important research field. It has been demonstrated that mechanical stress rapidly induces phosphorylation of the platelet-derived growth factor (PDGF) receptor, activation of integrin receptor, stretch-activated cation channels, and G proteins, which might serve as mechanosensors. Once the mechanical force is sensed, protein kinase C and Mitogen Activated Protein Kinases (MAPKs) were activated, leading to increased transcription factor activation. Thus, mechanical stresses can directly stretch the cell membrane and alter receptor or G protein conformation, thereby initiating signaling pathways, usually used by growth factors. Based on the progress in this field, this article attempts to formulate a biomechanical stress hypothesis, i.e. that physical force initiates signal pathways leading to vascular cell death and inflammatory response followed by VSMC proliferation. These findings have provided promising information for designing new drugs or genes for therapeutic interventions for vascular diseases.
INTRODUCTION
Vascular Smooth Muscle Cells (VSMCs) are a major constituent of blood vessel walls and has a function in the maintenance of vessel structure [1] . VSMCs are exposed to mechanical stretch, a cyclic strain stress due to blood pressure. Along with other groups we have shown that hypertrophy, hyperplasia, and migration of VSMCs are the key events in the development of atherosclerosis, including hypertension-related atherosclerosis, angioplasty-induced restenosis, venous bypass graft arteriosclerosis, and spontaneous atherosclerosis [2] [3] [4] [5] [6] [7] [8] [9] [10] . Normally, adult arterial SMCs are contractile and not particularly responsive to growth factors or growth regulatory molecules that induce proliferation and cell migration [3] . In response to changes in mechanical stress several contractile proteins that are normally expressed in adult arterial walls gradually become undetectable. These proteins are smooth muscle myosin heavy chain isoforms, α-actin, h-caldesmon, and calponin. Non-muscle myosin heavy chain is mostly expressed in fetal vessel walls but is re-expressed in VSMCs that have been subjected to mechanical stress [1, 3, 11] . Mechanical stress leads to obvious structural reorganization with myofilament loss and cells developing extensive endoplasmic reticulum and large Golgi complexes and these cells show what is known as the synthetic phenotype. The cells lose their contractile ability, increase protein secretion and are more *Address correspondence to this author at the Department of Cardiological Sciences, St George's Hospital Medical School, Cranmer Terrace, London SW17 0RE, UK; Tel: +44 20 8725 2817; Fax: +44 20 8725 2812; E-mail: q.xu@sghms.ac.uk responsive to autocrine and paracrine growth factors produced in response to increased mechanical stress (high blood pressure). These growth factors further stimulate smooth muscle cell (SMC) hypertrophy and/or arterial wall intimal hyperplasia [3, 12, 13] .
Hypertension increases biomechanical stress on the arterial walls by up to 30%, inducing VSMC hypertrophy and hyperplasia which leads to continuously elevated peripheral vascular resistance [14] . Spontaneous atherosclerotic lesions occur preferentially at bifurcation and curvatures, where hemodynamic force is disturbed [15, 16] . VSMC proliferation in large arteries and veins often occurs after surgical interventions such as angioplasty and vein bypass grafts. Increased biomechanical stress by disturbed local blood flow results in restenosis [17] while the increased biomechanical stress on vein grafts rapidly elevates blood pressure more than 10-fold (arterial vs. venous). We showed that this is a strong stimulus for SMC proliferation and leads to venous bypass graft-arteriosclerosis [18] . Spontaneous atherosclerotic lesions occur preferentially at bifurcation and curvatures, where hemodynamic force is disturbed [15, 16] .
All tissues are subjected to physical forces originating either environmental or from tension, created by cells themselves [4, 5, 19, 20] . Only recently it has been recognised that mechanical force is an important regulator of structure and function for mammalian cells, tissues, and organs. Physical stimuli are sensed by cells before signals are transmitted via intracellular signal transduction pathways to the nucleus which result in physiological responses or pathological conditions. In this field, significant progress has recently been achieved, and this article will focus on the biomechanical stress-induced signaling events in VSMCs and attempt to develop a biomechanical stress hypothesis that physical force initiates signaling pathways leading to vascular cell death and an inflammatory response followed by smooth muscle cell proliferation.
Mechanical stress may initiate signaling by physically perturbing the cell surface or altering receptor conformation in a non-biochemical manner. These changes may initiate signaling pathways which lead to altered gene expression and release of autocrine and paracrine growth factors that may amplify the response. The change in gene expression and the action of growth factors released in response to biomechanical stress has profound consequences for VSMCs in vessel walls [21] .
MECHANOSENSORS

Integrins
VSMCs are surrounded by basement membranes consisting largely of extracellular matrix (ECM). Integrins, a family of transmembrane receptors mediate cell attachment to ECM proteins at sites called focal contacts [22] , are heterodimers composed of non-covalently bound transmembrane α and β subunits. There are over 15 α and 8 β subunits that can heterodimerise to produce more than 20 different receptors. Integrin αvβ3 has a particularly interesting expression pattern as it is expressed in vascular cells during angiogenesis and vascular remodelling [23, 24] . Integrin αvβ3 is a receptor for numerous ECM ligands including vitronectin, fibronectin, fibrinogen, thrombosponedin, proteolyzed collagens, and osteopontin. Integrins are not only cell adhesion mediators but also transmitters of extracellular stimuli to intracellular signaling events [3, 23] . These signaling events activate numerous downstream signals including cytoskeleton reorganization (leading to cell migration) and activation of the Ras-Raf-MAPK kinase (MEK)-MAPK pathways resulting in mitogenic responses [25] [26] [27] . Mechanical stress induced signaling from integrins is shown in Fig. (2) .
Integrin β3 is upregulated by cyclic stretch in human umbilical endothelial cells [28] . When stretched human saphenous vein grafts show expression and activation of matrix metalloproteinase (MMP)-2, MMP-9 and integrin αv, Fig. (1) . Schematic diagram of receptor tyrosine kinase (RTK) and G protein coupled receptors (GPCR) activation by mechanical stress in VSMCs. In quiescent VSMCs, growth factor receptors and GPCRs are inactive. Ras and rac bind GDP and the G protein α, β, and γ subunits form heterotrimeric GDP bound G proteins that are inactive. In stretched VSMC, increased elongational and translational membrane mobility results in exposure of receptor kinase domains and/or conformational change of membrane-bound G proteins which leads to receptor autophosphorylation or facilitation of GDP exchange for GTP leading to activation of downstream targets. RTK activation leads to ras or rac activation via the adaptor proteins Shc, Grb2, Src and Sos and the consequent triggering of the MAPK cascade leading to cellular responses such as cell proliferation and migration. GPCR activation results in stimulation of adenyl cyclase (AC) to produce cAMP and subsequent protein kinase A (PKA) activation. Another aspect of GPCR activation is stimulation of phospholipase C (PLC) to cleave phosphatidylinositol 4,5-bisphoisphate (PIP 2 ) to forminositol-1,4,5-phospharte (IP 3 ) and diacylglycerol (DAG) which leads to protein kinase C (PKA) activation. a receptor for active MMP-2 [29] . In cultured VSMCs mechanical stress increases DNA synthesis when the culture substrate is collagen, fibronectin, or vitronectin, but not elastin or laminin. The normal VSMC response to mechanical stress is also stopped by antibodies specific for β3 or αvβ5 integrin but not β1 integrins [30, 31] . This shows that mechanical stress sensed via specific cell-ECM interactions can alter myosin isoform expression [32] . Transcription and expression of the immediate-early genes, early-growth response gene-1 (Egr-1) and c-jun are modulated by mechanical stress in ECM-dependent manner [33] . It is probable that both the ability of cells to sense mechanical stress and the nature of the subsequent biochemical responses depend to some degree on the integrin-ECM interactions [34] .
Integrin signaling is associated with the biogenesis of focal adhesion complexes consisting of clustered integrins and cytoskeletal proteins such as talin, paxillin, and phosphorylated signaling molecules including Focal Adhesion Kinase (FAK), Src, p130(CAS), Crk is recruited after shear stress, mechanical stress or cell [35, 36] . In vitro studies have shown that FAK binds directly to the cytoplasmic portions of integrin and to the cytoskeletal proteins such as paxillin, in vitro [37] [38] [39] . Integrin-mediated signal trasduction is an important step in a cells response to mechanical stress [36, [40] [41] [42] [43] . FAK functions as part of a network of integrin-stimulated signaling pathways which can lead to the activation of the MAPK pathways as one example [24] [25] [26] 36] . FAK autophosphorylation can be mediated by integrins and this can result in tyrosine phosphorylation of cytoskeletal proteins like talin and paxillin with rapid cytoskeletal reorganisation after the application of mechanica. In this integrin mediated signaling network FAK also associates with Src-family protein tyrosine kinases (PTKs), p130Cas, Shc, Grb2, Phospho Inositol (PI)-3-kinase and paxillin.
Syndecan-4 is a membrane-associated heparan sulfate proteoglycan that occurs at the same location as integrin heterodimers in focal adhesion complexes. In response to mechanical stress Syndecan-4 is translocated to the cell surface, in contact with the substrate [44] . Dissociation of syndecan-4 and vinculin from focal adhesions may contribute to the promotion of cell motility because syndecan-4 overexpression retards mechanical stressinduced cell migration [44] . Because focal adhesions serve as part of a mechanotransduction system the physical forces sensed by focal adhesions may regulate the expression and intracellular distribution of syndecan-4 and modulate cell movement and orientation. It is not known if syndecan-4 alters, or is part of normal integrin mediated cell signaling in response to mechanical stress.
Unlike skeletal or cardiac muscle, VSMCs contain a reservoir of unpolymerised globular (G) actin. The cytosolic concentration of G-actin is lowered by increasing intravascular pressure implying a shift in the F:G equilibrium in favor of F-actin [45] . Inhibitors of actin polymerisation (cytochalasins and latrunculin) inhibit the development of myogenic tone and decrease the effectiveness of myogenic reactivity. Depolymerisation of F-actin with cytochalasin D causes VSMC relaxation and increased G-actin content, whereas polymerisation of F-actin with jasplakinolide causes VSMC contraction and decreased G-actin content [46] . These facts are consistent with observations in other cells in which actin dynamics are implicated in motility and contractility. Actin filament formation in VSMC may therefore be involved in mechanotransduction and by providing additional sites for myosin interaction, enhance force production in response to pressure or mechanical stress [46] . Actin polymerisation in VSMCs in response to the increased intravascular pressure (mechanical stress) could be a novel mechanism underlying arterial myogenic behavior. Although the mechanism by which actin polymerisation is stimulated by pressure is not known it probably occurs via integrin-mediated activation of signal transduction pathways previously associated with VSMC contraction (e.g., protein kinase C (PKC) activation, Rho A, and tyrosine phosphorylation).
The exact physical mechanism of signaling initiated by integrins activated by mechanical stress is not well defined. However, enhanced tyrosine phosphorylation is commonly observed in response to integrin receptor binding ECM proteins and to mechanical stress-induced integrin signaling in many cells [37, [40] [41] [42] [43] [47] [48] [49] .
Receptor Tyrosine Kinases
Platelet-Derived Growth Factors (PDGFs) are homo-or heterodimers of A and B polypeptide chains such that three different disulfide-bound dimers PDGF-AA, PDGF-BB, and PDGF-AB are formed [50] . Two distinct PDGF membrane receptors have been described; PDGF receptor-α binds all PDGFs while PDGF receptor-β binds PDGF-BB and PDGF-AB, but not PDGF-AA [51, 52] . Dimerisation is induced by ligand binding and leads to activation via autophosphorylation of tyrosines in the PDGF receptor kinase domain [53, 54] . This activation triggers sequential activation of MAPK cascades, which play a pivotal role in cell proliferation and differentiation [55] .
We provided the first evidence that mechanical forces directly activate PDGF receptor-MAPK signal pathways [21] . In cultured VSMCs subjected to cyclic strain stress PDGF receptor-α is rapidly activated (phosphorylated). When the adaptor protein GRB2 is immunoprecipitated from stressed VSMCs subsequent Western blot analysis shows stress-induced phosphorylation of PDGF VSMCs [21] , which shows that PDGF receptor-α is activated by biomechanical stress. Our work showed that suramin (a growth factor receptor inhibitor) does block PDGF receptor-MAPK activation in VSMCs after mechanical stress in vitro [56] and significantly inhibits mouse vein graft neointimal hyperplasia in vivo [57] . Mechanical stress also increases PDGF-B and PDGF receptor-α expression in VSMCs [58] and shear stress induces a rapid transient tyrosine phosphorylation of Flk-1/vascular endothelial growth factor receptor (VEGFR) and its concomitant association with the adaptor protein Shc [35] . Fig. (1) is a schematic of mechanical stress induced signaling from receptor tyrosine kinases.
The receptor tyrosine kinase ErbB2 is also activated by mechanical stress [59] and we have shown that it is expressed in VSMCs (unpublished data). This receptor, expressed in the heart, skeletal muscle and VSMCs, has widely been studied in the context of breast cancer but its role in muscle is not clear. ErbB2 has no known high affinity ligand but heterodomerises with other members of the ErbB family (including the epidermal growth factor (EGF) receptor, ErbB1) to enhance the potency and duration of signaling [60] . The EGF receptor has recently been shown to be activated by mechanical stress in alveolar epithelial cells with subsequent G protein and ERK1/2 activation [61] . Although signaling patways activated by autophosphorylation of ErbB2 heterodimers are well defined, it is not known which of these pathways are activated via ErbB2 in response to mechanical stress and what consequence they have for VSMCs.
More recently the expression of several receptors such as endothelin B receptor and the vascular endothelial growth factor (VEGF) receptor has been reported to be altered by mechanical stress. Endothelin-1 (ET-1) upregulation in venous bypass grafts in response to arterial blood pressure may play a major role in graft failure but endothelinconverting enzyme and endothelin A receptor expression is not pressure sensitive [62] . However, there is a mechanical stress dependent increase in expression of ET-1 and endothelin B receptor dependent on PKC but not c-Src activation [62] . In venous bypass stress induced changes in gene expression may contribute to graft failure by endothelin B receptor-mediated smooth muscle cell hyperplasia and graft occlusion [62] . In mechanically stressed VSMCs the level of VEGF mRNA is increased as compared to the unstressed cells and media from these cells (containing VEGF) increases endothelial cell migration [63] . Mechanical stress has also been shown to increase both VEGF and basic fibroblast growth factor (FGF) 2 expression in VSMCs [64] . The mechanism by which VEGF is induced has recently been determined to be mediated by phosphatidylinositol 3-kinase and PKC-zeta but not by mechanical stress induced extracellular signal regulated kinases (ERK) 1/2, Akt, Ras, or the classical/novel PKC pathways [65] . Mechanical stress activates (phosphorylates) the VEGF receptor and the implications of this are that physiological levels of mechanical stress stretch will induce an increase in VEGF secretion that might provide a stimulus for maintaining steady state VEGF levels essential for endothelial cell survival [63] . It has been shown that the VEGF recptor interacts with adherence junctions in the vascular endothelium and that this complex acts as shear-stress cotransducer, mediating the transduction of shear-stress signals into vascular endothelial cells [66] . The importance of the VEGF and other receptors as mechanosensors is becoming more widely recognised.
G Protein-Coupled Receptors and G Proteins
G proteins containing α, β, and γ subunits have a central role in coupling receptors to a plethora of intracellular enzymes and ion channels. VSMC hyperplasia and hypertrophy is a process of an adaptation to various mechanical and hormonal stimuli. Several independent signaling pathways are involved in activating the hypertrophic response [34, 67, 68] . Gq is a G protein and is q important in this process because various ligands including angiotensin II and endothelin 1, which are the activators of Gq-coupled receptors, will trigger hypertrophy and hyperplasia in cultured VSMCs [69] [70] [71] . Transgenic mice with cardiac restricted overexpression of Gαq, α1-adrenergic receptors and angiotensin II receptors develop cardiac hypertrophy [72] [73] [74] [75] [76] . Pressure overload (mechanical stress) was surgically induced and the transgenic mice developed much less ventricular hypertrophy than the controls [77] thus highlighting the importance of Gq in initiating cardiac hypertrophy in response to mechanical stress [78] . There are no reports about Gq-mediated VSMC responses to mechanical stress although Gq proteins in endothelial cells are activated by shear stress [77, [79] [80] [81] . Purified heterotrimeric G-protein subunits Gq/11 and Gi3/G0 are rapidly (within seconds) activated in endothelial cells after increased fluid flow and in cardiac fibroblasts by stretchstress [79] . Antisense Gq oligonucleotides will inhibit shear stress-induced ras-GTPase activity [82] . Our own work has shown that pertussis toxin is a Gi inhibitor that will block p38 MAPK activation [83] this suggests that G proteins are involved in the primary mechanosensing response. Signaling from G proteins in response to mechanical stress is shown schematically in Fig. ( 1) Protease activated receptors (PARs) are a recently characterised class of G-protein-coupled receptors that are activated by proteolytic cleavage of their NH2 termini by specific serine proteases [84] . After cleavage the new NH2 terminus acts as a tethered ligand, binds other extracellular receptor domains and initiates G-protein-dependent signaling. PAR-1, the thrombin receptor, was the first of four PARs that have been cloned [85, 86] . PAR-1 is found in diverse cell types including VSMCs [84, 87] . Mechanical stress increases PAR-1mRNA, protein levels and activity [88] . Antioxidants or an NADPH oxidase inhibitor block mechanical stress induced PAR-1 expression but protein kinase inhibitors enhance mechanical stress induced PAR-1 expression but inhibitors of nitric oxide (NO) synthase, tyrosine kinase, and mitogen-activated protein kinases have no effect [88] . Mechanical stress upregulates PAR-1 expression but shear stress downregulates this gene in VSMCs [88] . This provides an insight to elucidate signaling differences by which VSMCs respond to different mechanical forces.
Ion Channels
VSMCs subjected to mechanical stress exhibit a transient increase in intracellular calcium and divalent cations and depolarisation [68, 83] , which are involved in maintenance of smooth muscle tension. Mechanical stress apparently causes these channels to open resulting in Ca 2+ and Na + influx and membrane depolarization contributing to the myogenic response to mechanical stress. Stretch-activated Ca 2+ channels and Na + channels in arterial SMCs are relatively non-selective for cations. Stretching the membrane of individual VSMCs using a patch electrode results in increased frequency of open Ca 2+ channels [89] . Mechanical stress induces an increase in intracellular calcium from extracellular sources but partially dependent on Ca 2+ influx from intracellular reserves. Calcium influx across the plasma membrane may occur via a stretch-activated channel or voltage-gated Ca 2+ channel activation resulting from stretchactivated channel-induced depolarisation. The mechanical stress induced Ca 2+ influx is blocked by gadolinium but not by nifedipine a classic calcium blocker [90] [91] [92] . Also, the stretch-activated channels show higher activity in arterial SMCs from spontaneously hypertensive rats as compared to Wistar-Kyoto rats [89] . Alteration of stretch-activated channels in arterial SMCs probably contributes to hypertrophy and remodelling of arterial tissue in hypertension.
Stretch-activated ion channels also regulate tyrosine phosphorylation of paxillin, focal adhesion kinase (pp125FAK), and pp130CAS, resulting in altered cell shape and cytoskeletal remodelling of endothelial cells in response to mechanical stress [93, 94] . Potassium channels other than ion non-selective gadolinium-sensitive channels also participate in signal transduction after mechanical stress [95] . A recent study has shown that mechanical stress induced Ca 2+ influx can occur via an inositol 1,4,5-trisphosphate (IP 3 ) insensitive Ca 2+ channel [96] . Inhibition of IP 3 , ryanodine, and nicotinic acid adenine dinucleotide phosphate channels (NAADP) with heparin, ruthenium red or thio-NADP, respectively, does not block the increase in Ca 2+ efflux in response to cyclical stretch [96] . However, lanthanum, gadolinium, and cytochalasin D but not nocodazole inhibit increased Ca 2+ efflux [96] . This supports the existence of a novel stretch-sensitive intracellular Ca 2+ store in VSMC that is distinct from the IP 3 -, ryanodine-, and NAADP-sensitive stores but the channel has not been identified and so downstream signaling cannot yet be investigated.
Smooth muscle exhibits mechanosensitivity independent of neural input and the native L-type calcium current recorded from human intestinal smooth muscle is modulated by stretch [97] . Lyford et al [97] cloned the α 1C L-type calcium channel subunit (Ca V 1.2) from human intestinal smooth muscle and expressed it in cultured cells. The channel retained mechanosensitivity when expressed alone or with a β 2 calcium channel. The heterologously expressed human cardiac α 1C splice form also showed mechanosensitivity. Inhibition of kinase signaling or truncation of the α 1C COOH terminus, which contains an inhibitory domain and a proline-rich domain thought to mediate mechanosensitive signaling from integrins, did not disrupt mechanosensitivity of the channel [97] . This strongly implies that mechanical regulation of Ca 2+ influx occurs through L-type calcium channels in mammalian cells and suggests that mechanosensitivity resides within the pore forming α 1C -subunit. In contrast to this Chang et al [98] showed that increased levels of the activated transcription factor Heast shock factor 1 (HSF1) and heat-shock protein (HSP) 72 are observed in isolated rabbit hearts after Fig. (2) . Schematic representation of integrin-mediated mechanical signaling in VSMCs. Mechanical force directly disturbs the ECM resulting in integrin clustering and dimerisation which stimulates FAK autophosphorylation followed by activation of Src, p130CAS, Shc, and Grb2. This results in translocation of the GDP-GTP exchange protein Sos and subsequent stimulation of GTP exchange on ras or rac leading to cell proliferation. FAK autophosphorylation can also lead to phosphorylation of cytoskeletal proteins such as paxillin or talin which results in cytoskeletal rearrengment. mechanical stress. This increase is observed when the hearts are perfused with a solution containing the specific L-type calcium channel inhibitor diltiazem but not with the general stretch-activated ion channel inhibitor gadolinium [98] . Stretch in aortas [99] or VSMCs [100] activates HSF1 and increases HSP70 mRNA through stretch-activated ion channels [98] , which is a novel mechanism for HSF activation and may be an important signaling pathway for hemodynamic stress.
Vascular hypertrophy does occur during chronic hypertension and contributes to elevated peripheral vascular resistance. Acute pressure overloading (mechanical stress) of the vascular wall MAPKs in isolated rat aortas [101] . Increased perfusion pressure causes a pressure-dependent increase in MAP kinase activity in endothelium-intact and endothelium-denuded aortas is inhibited by the angiotensin receptor antagonist, losartan, the renin inhibitor, pepstatin A, and the angiotensin-converting enzyme inhibitor, captopril [101] . Ca 2+ depletion and the Ca 2+ channel antagonist, nifedipine, do not affect the mechanical stressinduced MAP kinase activation [101] . Mechanical stress of the vascular wall activates MAP kinases and that the MAP kinase activation is at least partly mediated via the vascular angiotensin system. But it is unlikely that the increase in MAP kinase activity is mediated by increased Ca 2+ influx in VSMCs.
PKC ACTIVATION IN RESPONSE TO MECHANICAL STRESS
Protein kinase C (PKC) comprises a large family of serine/threonine kinases activated by lipid-derived second messengers that differ in substrate preferences, intracellular localization and activation mechanisms. The PKC family is subdivided into three groups: the conventional or cPKC, the novel or nPKC and the atypical or aPKC. cPKCs (α, β1, β2, γ) contain two conserved areas in their regulatory domains. The nPKCs (δ, ε, φ, η/L, and possibly µ or PKD) are activated by diacylglycerol or phorbol esters and have a C1 region. They are calcium independent as the C2-like region that is incapable of calcium binding. aPKCs (ζ, λ/ι) have no C2 region, only one cysteine-rich loop in the C1 region and do not bind diacylglycerol or calcium but are activated by phospholipids [102] [103] [104] . PKCµ is a novel PKC with a pleckstrin homology domain, an N-terminal hydrophobic domain and it is devoid of an inhibitory pseudosubstrate region found in other PKC family members [102] . PKCs play multiple roles in cellular signal processing as PKC isoenzymes are activated by large numbers of extracellular signals and modify the activities of numerous targets [102, 105, 106] .
We have shown that p38 MAPK activation after mechanical stress is blocked by phorbol ester treatment before mechanical stress and this inhibition of p38 MAPK activation results in decreased VSMC proliferation and apoptosis [83, 107] . This is strongly suggestive of an important role for PKC in mediating p38 MAPK activation in mechanically stressed VSMCs. Mechanical stress increase PKC activity and in the case of cyclic strain this increased activity correlates with the formation of PKC particulates and VSMC proliferation [108, 109] . Staurosporine inhibition of PKC fails to alter these responses [109] highlighting the multifaceted nature of these responses and may be the participation of other staurosporine-insensitive PKC subfamilies. PKC inhibition results in the abrogation events upstream of NF-kappaB activation in the cytoplasm [110] . This leads to a marked repression of stretch-induced plateletactivating factor expression implicating a regulatory mechanism (direct or indirect) activation of transcription factors by PKC. There are probably many signaling pathways affected by PKC because PKC can activate many signal molecules [108] [109] [110] [111] [112] [113] [114] [115] [116] [117] [118] [119] [120] . Hypertrophic signaling is now a growing research area in the hope that specific PKC isoforms will be drug or gene therapy targets for studying or treating cardiovascular diseases associated with mechanical stress [121] .
MAPK SIGNALING IN RESPONSE TO MECHANICAL STRESS
At the centre of MAPK signaling pathways are MAPKs from one of three possible subfamilies, ERK1/2, c-Jun NH 2 -terminal kinase (JNK)/stress activated protein kinases (SAPK) or p38MAPK. MAPKs are phosphorylated (activated) by MAPK kinases (MEKs) which are typically dual-specificity kinases catalysing tyrosine and threonine phosphorylation of MAPKs. MEKs are in turn substrates for phosphorylation by MEK kinases (MEKKs) which are serine/threonine kinases. 12 members of the MAPK family have so far been identified in mammalian cells. These are grouped into five subfamilies based on function and sequence homology and function. Seven MEKs and 14 MEKKs are known in mammalian cells [122, 123] . Also small G proteins (i.e., Ras, Rac, Cdc 42) and specific kinases that may act as MAPK kinase kinase kinases (MEKKKs) regulate the activity of MEKKs (i.e., Raf, MEKK 1-4, transforming growth factor-beta activated kinase 1 (TAK1), and p21 activated kinase (PAK)) and control the activation of specific three-kinase MAPK modules [122, [124] [125] [126] [127] [128] [129] [130] [131] .
In atherosclerotic lesions we observed increased expression and activation of ERK1/2 [132] and it is known that shear stresses activates ERK1/2 in endothelial cells. In VSMCs we demonstrated that mechanical stress activates ERK1/2 in a time-and strength-dependent manner [56, 125] . Suramin (a growth factor receptor antagonist) will completely block ERK activation in response to mechanical stretch. Combined with the knowledge that mechanical stretch rapidly phosphorylates (activates) the PDGF receptor-α in VSMCs demonstrates that stress responsive ERK1/2 activation in VSMCs is a receptor-dependent pathway. ERK1/2 activation is regulated by the small G proteins ras and rac. When we expressed dominant negative ras (rasN17) or rac (rac-N17) mechanical stress responsive ERK activation was blocked in VSMCs [125] . Furthermore, we found that suramin and PD98059 inhibit ERK1/2 activation as well as blocking AP-1 DNA binding which suggests that ERK1/2 mediates stress-induced AP-1 activation and VSMC proliferation [56, 125] .
The JNKs, (c-jun NH-terminal protein kinases) or SAPKs (stress-activated protein kinases) have two similarities with ERK1/2. The other similarity is that phosphorylation on both the threonine and tyrosine is necessary for activation [127] . JNKs are activated in response to inflammatory cytokines (Tumor necrosis factor-α (TNF-α) and interleukin 1β (IL-1β)), heat-shock, osmotic stress, and UV light [127-131, 133, 134] . We showed that both JNK and ERK are activated in vascular walls by acute hypertension [19] . After balloon injury or angioplasty in animals both JNKs and ERKs were also activated in arterial walls [56, 58] . This suggests that mechanical stress is allied to JNK activation. In cultured VSMCs we saw that cyclic strain stress rapidly induces JNK activation [125] and both suramin and PD98059 have no effect on JNK activation after mechanical stress [125, 135] . This is indicative of separate means of JNK and ERK activation in mechanically stressed VSMCs p38MAPK is homologous to the yeast HOG 1 kinase and is another member of the MAPK family. P38MAPK exits in four currently identified isoforms in mammalian cells α, β, γ, and δ [136] . p38MAPK isoforms α, γ and δ are activated upstream by MKK3 and MKK6 while isoform β is only activated by MKK6, which is the most potent p38 MAPK activation. p38 MAPK activation will also mediate actin reorganisation and migration of endothelial and VSMCs by increasing heat-shock protein 27 phosphorylation [137, 138] . Pharmacological compounds such as CSAIDs (cytokine suppressing anti-inflammatory drugs) bind to the p38α and β to inhibit their activity. Mechanical stress causes rapid p38 phosphorylation in VSMCs and results in both cell proliferation and apoptosis which is apparently mediated by PKC-ras/rac pathways [83, 107, 125] . In response to mechanical stress in cultured VSMCs p38 activation occurs in a time-and strength-dependent manner and is closely associated with PKC and G protein activation [83] . When p38 activation is inhibited VSMC migration response to PDGF-BB and mechanical stress induced proliferation were undetectable. Mechanical stress rapidly activates p38MAPKs by activation of PKC-ras/rac signal pathways. p38 MAPK activation is also closely associated with mechanical stress induced VSMC apoptosis [107] . Because the complexity of these signaling pathways are multiplied by the fact that there are four p38 subunits, the identification of specific subunits responsible for cell growth and/or apoptosis in stretched VSMCs will be a topic for further investigation.
We have seen that biomechanical stress induces apoptosis of VSMCs [107] but until recently the molecular mechanisms of mechanical stress-induced apoptosis were vague. When VSMCs are subjected to mechanical stress the tumour-suppressor p53 is activated [139] . This activation is largely attenuated by pretreatment with SB202190, a specific p38MAPK inhibitor, or stable transfection with dominant negative rac, an upstream signal transducer of p38MAPK pathways. p38MAPKs phosphorylate p53 within 30 min of mechanical stress [139] . Mechanical stress also results in oxidative DNA damage and antioxidant treatment abrogates p53 activation [139] . We showed that p53 activation is followed by expression and mitochondrial translocation of the proapoptotic protein Bax. Likewise, mechanical stress results in up-regulation of anti-apoptotic Bcl-2 proteins including Bcl-2 and Bcl-xL [139] . However, a marked loss of mitochondrial membrane potential occurred in wild-type, but not in p53 -/-VSMCs. p53 deficient VSMCs lose their ability to express Bax and show no apoptosis in response to mechanical stress. These data provide the first evidence that VSMC apoptosis induced by mechanical stress is p53-dependent.
The atrial natriuretic peptide (ANP) is a cardiovascular hormone possessing anti-inflammatory potential due to its inhibitory action on the production of inflammatory mediators, such as tumor necrosis factor-alpha (TNFα) and is upregulated in response to hypertension (mechanical stress) [140, 141] . Activation of human vascular endothelial cells (HUVECs) with TNFα leads to an increase in macromolecule permeability and stress fiber formation while treatment of cells while ANP reduces stress fiber formation and elevates permeability [142] . ANP significantly reduces TNFα-induced p38 activation and attenuates HSP27 phosphorylation, a central target downstream of p38 MAPK [142] . The inhibitory action of ANP on TNFα-induced changes in endothelial cells involve the MAPK phosphatase-1 (MKP-1)-induced inactivation of p38 MAPK are clear and point to an anti-inflammatory and antiatherogenic potential of ANP. It remains to be determined if a similar effect may be observed with VSMCs.
NEGATIVE FEEDBACK REGULATION
MAPK phosphatase-1 (MKP-1) has a phosphatase activity for both phosphotyrosine and phosphothreonine and will inactivate ERKs and possibly JNKs/SAPKs [143] [144] [145] [146] . Research from several groups, including ours, showed that MKP-1 is regulated at the transcriptional level and is induced in VSMCs by growth factors [147] , oxidative stress [148] , arachidonic acid [149] , and phorbol esters [150] . MKP-1 is involved in a feedback loop to inactivate MAPKs after mitogenic stimulation in response to stress [137, 138, 144, 146, 151 ] the signal pathways leading to MKP-1 gene expression have not been fully elucidated. The MKP-1 pathway is a complex type of negative feedback-regulating pathway resulting in VSMC growth inhibitory response after mechanical stress [125] . Both MKP-1 protein and mRNA expression is increased in cultured VSMCs by mechanical stress and inhibition of either ERK kinase (MEK1/2) or p38 MAPKs accompanies a downregulation of MKP-1. Signaling to alter MKP-1 expression is likely to be mediated by MAPK pathways, which possibly share the same upstream signaling molecules such as ras, rac and raf. The negative feedback inhibition by MKP-1 is shown in Fig. (3) .
The role of MKP-1 in negative regulation has been implicated in vitro and in vivo by our group and others [6, 125, 132, 150, [152] [153] [154] [155] [156] [157] . MKP-1 overexpression in VSMC leads to dephosphorylation and inactivation of ERKs, JNKs/SAPKs and p38 MAPKs as well as inhibition of DNA synthesis in response to mechanical stress [125] . Acute hypertension and balloon injury induce MKP-1 expression in the vessel wall [6, 158] . In spontaneously hypertensive rats Insulin is more because MKP-1 expression is reduced in hypertensive rats compared to normotensive rats [157] . It is possible that mechanical stress-induced MAPK pathways mediate either proliferation or growth inhibition in human arterial VSMCs depending on a balance of the availability of specific downstream targets and the ability of the MAPK pathway to directly activate MKP-1. Recently the role of MKP-1 in cardiovascular disease has been studied in increasing detail with many groups confirming and extending our early work. Angiotensin II (Ang II) negatively regulates MAPKs through angiotensin receptor 1 (AT1) by increasing MKP-1 mRNA levels and through AT2 receptors by unknown mechanisms [159] . After cardiopulmonary bypass (CPB) in pigs the MEK/ERK pathway is inactivated in both ventricular and atrial myocardium by an increase in MKP-1 and the activities and protein levels of c-Src and Akt were not significantly modified before or after CPB, suggesting a specificity for the MEK/ERK pathway revealing a prevalence of inhibitory mechanisms in the MEK/ERK signal transduction machinery in myocardium subjected to CPB [160] . The interconnectivity between calcineurin-mediated cardiac myocyte hypertrophy and p38 MAPK signaling in vitro and in vivo was highlighted by the finding that calcineurin promotes down-regulation of p38 MAPK activity and enhances expression of MKP-1 in transgenic mice expressing activated calcineurin in the heart [161] . Insulin inhibition of PDGF-directed VSMC migration may be mediated in part by NO/cGMP/cGK Ialpha induction of MKP-1 and consequent inactivation of MAPKs [162] . Expression of MKP-1 is increased in a significant proportion of failing hearts and JNK1/2 and p38 MAPK activities are also decreased in failing human myocardium [163] .
Increased expression of MKP-1 may therefore contribute to decreased MAPKs activity in failing human myocardium [163] . Constitutive MKP-1 expression in cardiomyocytes blocks p38 MAPK, JNK1/2, and ERK1/2 activation and prevents agonist-induced hypertrophy in transgenic mice providing further evidence to implicate MAPK signaling factors as obligate regulators of cardiac growth and hypertrophy and demonstrate the importance of MKP-1 as a counterbalancing regulatory factor in the heart [164] .
Another candidate for negative feedback regulation is cyclic AMP-dependent protein kinase (PKA) which inhibits proliferation and migration [67, 109, [165] [166] [167] . Endothelial cells normally shield VSMCs from the circulating blood and synthesise agents that relax and inhibit VSMC growth. Removal of the endothelial cells leads to VSMC proliferation [165] after an increase in PKA activity. Increasingly from studies with VSMCs or other cell types it is becoming clear that PKA not only inhibits MAPK/ERK signaling pathways by Raf inhibition [166] but also inhibits cyclins (active in controlling cell cycle progression) possibly by downregulation cyclin D1 and cdk2 [109, 167] . Mechanical stress activates PKC and PKA squarely implicating PKA in mediating mechanical stress induced signal transduction in VSMCs [109] .
CROSSTALK BETWEEN SIGNALING PATHWAYS
Crosstalk Between PKA and Growth Factor Receptor Signaling Pathways
Crosstalk between PKA and growth factor receptor signaling, Fig. (4) , in relation to cardiovascular disease is a relatively new concept in signal transduction. Proliferation and migration of VSMCs contributes to blood vessel wall thickening in many types of cardiovascular disease. By antagonising major growth factor induced mitogenic signaling pathways PKA potently inhibits VSMC proliferation and migration. Crosstalk between PKA and the MAPK/ERK pathway, the p70 S6 kinase pathway and cyclin-dependent kinases is known but only crosstalk with growth factor receptors is discussed here, a comprehensive review was recently published by Bornfeldt and Krebs [67] . PKA also regulates expression of growth regulatory molecules. PKA activation in VSMCs results in inhibition of cell cycle progression and cell migration.
The MAPK cascade also known as the ERK pathway normally mediates responses induced by various growth factor receptors but also by mechanical stress (via the PDGF receptor and possibly others) in VSMCs [168] [169] [170] . Activation of the receptor by autophosphorylation leads to binding of adaptors like GRB2 and Shc to the receptor or proteins phosphorylated by the receptor. This leads to activation of Ras by a guanine nucleotide exchange factor (e.g., mammalian son-of-sevenless; mSOS). Sequential phosphorylation events follow and activate the protein kinases, Raf, MEK and MAPK. MAPK substrates include transcription factors, (e.g. Ets [171] ), protein serine/threonine kinase p90rsk, cytosolic phospholipase A2 (cPLA2) and cytoskeletal proteins [172] . In human VSMCs PKA inhibits the MAPK/ERK cascade after activation of MAPK/ERK by growth factor receptors [173] (e.g., insulin receptor, epidermal growth factor receptor and PDGF receptor) although the receptors are apparently not targets of PKA-mediated inhibition of the MAPK cascade. The point of inhibition of the MAPK cascade by PKA is controversial but it is clear that the inhibition takes place upstream of MAPK and MAPKK but downstream of Ras activation because PKA doesn't inhibit the formation of active Ras and active PKA inhibits Ras induced MAPK activity [166, [174] [175] [176] [177] [178] [179] . The point of MAPK/ERK cascade inhibition may be at Raf-1 [166] . PKA phosphorylates Raf-1 on Ser 43 [175, 180] and 621 [181] . BRaf lacks serine 43 but is phosphorylated by PKA at Ser 429 and Ser 446, and this dramatically reduces GTP-Ras binding by PKA [182] . Therefore a possible mechanism for PKA inhibition of MAPK cascade is a reduced ability of active Ras to bind Raf [183, 184] . Another possible mechanism of MAPK pathway inhibition by PKA could be the inhibition of Raf activating kinases such as certain PKC isoforms or Src [185] . There are also other possibilities but the exact mechanism(s) of cAMP/PKA crosstalk with the MAPK/ERK cascade in SMCs remains to be defined.
MAPK/ERK activation often leads to proliferation although in some cases there is crosstalk between PKA and the MAPK/ERK resulting in growth inhibition [168] . VSMCs expressing inducible cyclooxygenase (COX-2) secrete cAMP-stimulating prostaglandins (e.g. PGE2) but this doesn't occur in VSMCs not expressing COX-2. PD 098059 (a MAPKK inhibitor) stops PDGF-induced proliferation of VSMCs not secreting PGE2 whereas in COX-2 expressing VSMCs MAPK activation negatively regulates proliferation. In these cells PDGF-induced MAPK activation leads to cPLA2 activation, PGE2 release and PKA activation, which inhibits VSMC proliferation [186] . Inhibition of either MAPKK signaling, COX-2 or PKA activation in VSMCs removes the effect of growth-inhibitory prostaglandins and resulting in cell cycle progression and proliferation [168] . This is a mechanism by which the growth factor induced MAPK pathway may lead to either proliferation or growth inhibition in VSMCs depending on the availability of certain downstream targets and indirect PKA activation. This mechanism is also an example of crosstalk between PKA and the PDGF receptor signaling pathway that shows the relevance of considering all stimuli that affect VSMC in a particular setting.
PKA
antagonises stress-activated MAPK/SAPK signaling pathways that lead to JNK and p38 MAPK activation in VSMCs [187, 188] . The upstream target of PKA in this setting is not characterised but PDGF activates Fig. (4) . Crosstalk between PKA (protein kinase A) and mitogenic signal transduction pathways in VSMCs. This schematic shows the points of antagonism between PKA and mitogenic signaling pathways in VSMCs. Cyclic AMP is generated following mechanical stress induced activation of membrane receptor coupled to one of several adenylate cyclases (ACs). The activation of PKA is determined by the extent of AC activation and the extent of cAMP hydrolysis by cAMP phosphodiesterases (PDEs). Active PKA inhibits mitogenic signaling pathways at several points. The first level of inhibition by PKA is close to the plasma membrane. Thus, signal transduction from a growth factor receptor like the PDGF receptor is inhibited at the level of Ras/Raf and at the level of and/or upstream of, phosphatidylinositol-3'kinase (PI3K). A second level of inhibition occurs in the nucleus where PKA inhibits several different cyclin-dependent kinases (Cdks and Cdc2) and induces gene responses via cAMP-responsive transcription factors. The products of PKA-regulated genes can inhibit VSMC proliferation for example, by reducing the responsiveness of the cell to growth factors JNK via PI 3 K which is potential PKA target [189] . The role of SAPK signaling pathways in VSMC proliferation and migration is not completely understood. The p38 MAPK pathway exerts a negative feedback on the MAPK/ERK pathway by inhibiting MAPKK (MEK) in VSMCs [190] . The cAMP-mediated effects on ERK and SAPK pathways are very complex and it should always be considered that PKA crosstalk likely to be different in varying cell types because of the signaling components expressed, subcellular PKA localisation and varying stimuli.
Integration of Integrin Signaling by Crosstalk
Many biochemical steps in integrin signaling are shared with growth-factor receptors and integrins and are considered genuine signaling receptors. Integrins have three features that dramatically expand their range of functionality. First, integrins generally have immobilised ligands so signaling is usually restricted to discrete areas of the cell surface. Second, integrin cytoplasmic domains are essential anchoring points for the actin cytoskeleton so integrins provide physical connections between the intracellular and extracellular environments. Third, for many integrins ligand binding is regulated by signaling mechanisms by a process termed integrin activation. Integrins exist at an intersection between mechanical forces, cytoskeletal organisation, biochemical signals and adhesion. As discussed above mechanical stress is transmitted by integrins and influences the cytoskeleton. The cytoskeleton affects integrin activity and cell adhesion, and the cell adhesion regulates the cytoskeleton and the mechanical forces that cells exert on their surrounding extracellular matrix (ECM). All of these systems affect and are affected by biochemical signaling pathways. Integrins are therefore critical elements for specification of cell shape, polarity and motility are tied to gene expression and cell function.
Integrin and growth factor mediated signaling share many common elements in their pathways so there are many instances where integrin signals may modulate growth-factor signals, Fig. (5) , and vice versa. In reality normal growth factor mediated signaling only occurs when cells are in contact with the ECM or other cells via integrins. In the MAPK pathway numerous integrin and growth factor mediated signals converge along the pathway at several points [191] .
If integrin-mediated adhesion is disrupted or lost then PDGF phosphorylation can be affected and p120Ras-GTPase activating protein (GAP) recruitment is increased concomitantly with reduced Ras activity [192] , while Ras activation is not changed in the non-adherant cells although Raf or MEK activation is modulated. Raf is activated downstream of integrin-regulated p21-activated kinase (PAK), while MEK is activated downstream of FAK [193, 194] . Even under conditions that facilitate Erk activation in non-adherent cells, Erk will not translocate to the nucleus or phosphorylate transcription factors required for cell-cycle progression [195] . Disrupting the actin cytoskeleton and focal adhesions with cytochalasin closely mimics adhesion loss including decreased Erk, PAK and FAK activity. Erk is often a key mediator of the cell cycle because it is necessary for cyclin D expression [196] . It is clear that cellular outcomes of integrin and growth factor mediated signaling are affected by the strong synergy between soluble factors and cell adhesion.
Integrins are undoubtedly involved in the integration of mechanical stress and responses to soluble factors. As discussed above mechanical stress is sensed by integrins and cells sense tension and stress via ECM contacts and increase contractile force in response to either external mechanical stress or inflexible substrates that are not deformed by cell generated forces [197, 198] . Increased force results in accumulation of focal adhesion proteins at attachment sites so that cells subjected to mechanical stress form focal adhesions [199] .
Integrins initiate many signaling pathways that regulate the function of other integrins and so there is a very large number of possible ways how one integrin may regulate the function of another. Mechanical stress does influence integrin activity. In addition to the examples discussed above, endothelial cells subjected to fluid shear stress also show rapid integrin α v β 3 activation [200] . The activated integrins subsequently bind ECM proteins and initiate signals, characteristic adhesion, such as transient Rho downregulation [200] as well as Shc and FAK [35] phosphorylation. Integrin-dependent signals are responsible for many responses to shear stress including cell and cytoskeletal alignment.
Adhesion via integrins results in ligand-independent activation (phosphorylation) of some growth-factor receptors including those for PDGF, which is also activated by mechanical stress, fibroblast growth factor (FGF), VEGF, hepatocyte growth factor (HGF) and epidermal growth factor (EGF) [201] . This trans-activation is mostly transient and not as potent as the signaling initiated by the cognate growth factor. Complexes containing both integrins and growthfactor receptors are formed in these cases and in some situations these complexes are necessary for maximal growth-factor-dependent receptor phosphorylation. Liganded integrin may be required for complete growth-factor-receptor activation and also for integrin mediated cell growth [202, 203] .
The physiological significance of integrin transactivation of growth factor receptors is unclear, especially in the context of vasculature but it may be a checkpoint in growth-factor signaling. However in most cells growth factors activate their receptors, leading to phosphorylation and then the recruitment of downstream effectors. Also, Src kinase family members are probably involved in transactivation [203] but even in the absence of the three most abundant Src kinases, PDGF can induce PDGF receptor activation, downstream signaling and mitogenic responses [204] . So the main function of integrin trans-activation may be to modulate (not control) growth-factor signaling.
The emerging schema is that integrins function at intersections within complex networks of signaling pathways. These networks integrate signaling from integrinmediated adhesion with highly regulated processes such as cell migration and proliferation. Understanding the connections between these signaling pathways will hopefully lead to an increased understanding of pathological conditions and the subtleties of homeostasis.
MECHANICAL STRESS INDUCED APOPTOSIS
Apoptosis of VSMCs and macrophages occurs in the atherosclerotic lesions of humans and in the animal models [205, 206] . Isolated VSMCs from human atherosclerotic plaques also have a higher propensity for both the spontaneous and induced apoptosis compared with VSMCs from the normal vessels [207] . Activation of MEKK1, a SAPK/JNK upstream kinase and SAPK/JNK pathways is implicated in triggering apoptosis in other cell types in response to the stress stimuli [208, 209] . We have demonstrated the coincidence of p53, pro-apoptotic protein BAX and BCL-Xs with selective activation of SAPK/JNK in atherosclerotic lesions of rabbits [210] . This indicates an in vivo SAPK/JNK mediation of apoptosis in the development of atherosclerosis. Some cells in the lesions may have higher SAPK/JNK activities and more p53. These cells may apoptose and SAPK/JNK-mediated signal transduction pathways (i.e., SAPK/JNK-activated p53) could be important in vivo.
In restenosis, acute medial cell loss is an initial event in response to vascular injury induced by balloon-catheter or angioplasty in animal modeles [211, 212] . Apoptotic cell death after vascular injury is a highly regulated process governed by activation of the MAPK signaling pathway and the relative expression of antiapoptotic genes. Angioplastyinduced vascular cell apoptosis due to mechanical stress is an important determinant of vascular remodeling and restenosis. It has recently been shown that in the animal models i.e. Fas -/-mice that VSMC apoptosis and neointimal hyperplasia after vascular injury are not Fas dependent [213, 214] . Fas is a death receptor that mediates apoptosis when it is activated by its ligand, FasL.
Although veins do not develop spontaneous arteriosclerosis, we have shown in the animal models that arteriosclerosis develops rapidly in venous bypass grafts and is exacerbated by hypercholesterolemia [215, 216] . Venous bypass grafts bear increased biomechanical forces due to increased blood pressure and are a very good model for studying the role of biomechanical stress in the pathogenesis of arteriosclerosis. We established the first mouse model of vein graft arteriosclerosis by grafting autologous jugular vein or vena cava to the carotid arteries [18] . The morphological features of our murine vascular graft model closely resemble those of human venous bypass graft disease [2, 18] . We have studied the role of biomechanical stress-induced apoptotic cell death in the development of vein graft arteriosclerosis and showed that the number of apoptotic cells in the vein wall increased for at least 8 weeks after grafting to an artery but not to any vein [2, 139] . Similarly when cultured VSMCs are subjected to mechanical stress an increase in apoptosis is observed [2, 139] . It is known that the mechanical stress results in an increase of endothelin receptor expression in VSMCs and that exposure of these cells to endothelin will induce apoptosis via an endothelin receptor dependent mechanism [217, 218] . This mechanism is sensitive to ECM interactions as it is observed in intact vessels in VSMCs cultured on fibronectin coated plates [217] .
We initially showed the involvement of p38 activation in mechanical stress induced apoptosis [19, 83, 107] . VSMC lines stably transfected with dominant negative Rac, or overexpressing MKP-1 do not exhibit p38 activation by mechanical stress and the mechanical stress induced apoptosis is abolished [107, 125] . We have recently extended these studies to show that p53 is activated by mechanical stress in a Rac and p38 MAPK dependent manner [139] ; We also showed that mechanical stress results in oxidative DNA damage in VSMCs and upregulation of the antiapoptotic proteins Bcl-2 and Bcl-xL [139] , these results provide the first evidence that SMC apoptosis induced by mechanical stress is p53-dependent. Grafted veins are exposed to increased biomechanical forces in the form of stretch stress due to blood pressure [5] . The sudden elevation in the mechanical forces is a strong stimulus and is likely to result in activation of the intracellular signal pathways leading to gene expression and cell death [18] . At the same time a marked loss of VSMCs has been observed in the early lesions of human vein grafts [206] . One of the earliest events in venous bypass grafts is apoptosis involving mechanical stress induced p38 MAPK activation as a transducing signal.
THE INFLAMMATORY RESPONSE AND THE MECHANICAL STRESS
Atherosclerosis is a disease that involves a continuous inflammatory response. Inflammation is important in all stages from initiation through progression and thrombotic complications. In the animal models of atherosclerosis, inflammation occurs concurrently with lipid accumulation in the artery wall. Atherosclerotic lesions occur mainly at branch points in arteries where endothelial cells experience disturbed flow which correlates with an increased mechanical stress [219] . The absence of normal shear stress reduces production of the endothelium-derived NO. NO is a vasodilator with anti-inflammatory properties and can also limit VCAM-1 expression [220] . The increased mechanical stress accompanying disturbed flow can increase the production of certain leukocyte adhesion molecules (e.g., intercellular adhesion molecule 1 (ICAM-1)) [221] . Increased mechanical stress also promotes VSMCs to produce proteoglycans that bind and retain lipoprotein particles, facilitating their oxidative modification which promotes inflammatory responses at the points of lesions formation [222] . Once leukocytes adhere to the endothelium in the first stages of atherosclerosis, they penetrate to the intima. Monocyte chemoattractant protein-1 (MCP-1) is responsible for the migration of monocytes to the intima at lesions [223, 224] . Similarly a family of T-cell chemoattractants may entice lymphocytes to the intima [225] . Once in the vascular wall, blood derived inflammatory cells perpetuate a local inflammatory response. Macrophages express receptors for modified lipoproteins allowing lipid ingestion and the formation of foam cells. Macrophage colony-stimulating factor (M-CSF) participates in the differentiation of monocytes into foam cells [226, 227] . Tcells also encounter signals that induce inflammatory cytokines such as γ-interferon and tumor necrosis factor (TNF)-ß that stimulate macrophages, endothelial cells and VSMCs. During the continued inflammatory process, various peptide growth factors promote VSMC proliferation and contribute to the formation of a dense extracellular matrix seen in the advanced atherosclerotic lesions [228] .
Although mechanical stress may not be the primary cause for the processes described above, hypertension does increase the mechanical stress that a vessel must endure and follows closely behind lipids on the list of risk factors for atherosclerosis. Hemodynamic force does influence the location of spontaneous atherosclerosis and directly effects vascular remodeling in transplant arteriosclerosis. Inflammation may participate in hypertension and provide a pathophysiological link between the two diseases. Angiotensin II (AII) is a vasoconstrictor that can also trigger intimal inflammation. AII triggers superoxide anion production from the endothelial cells and VSMCs [229] . It will also increase expression of the proinflammatory cytokines such as interleukin (IL)-6 and monocyte chemotactic protein 1 (MCP-1) by VSMCs and VCAM-1 by the endothelial cells [230] [231] [232] .
Biomechanical stress is likely to be a major cause of vein bypass graft arteriosclerosis which is also an inflammatory disease characterised by mononuclear cell infiltration followed by SMC proliferation [233, 234] . Mechanical stress may play a role in adhesion molecule expression via MAPK signaling pathways leading to NFkappa-B activation. Supporting this is the finding that neointimal lesions from vein grafts in ICAM-1 -/-mice are reduced 30-50% compared to wild-type controls [235] . Increased ICAM-1 expression is seen in the endothelium and VSMCs of the grafted veins in wild type, but not ICAM-1 -/-mice. Numbers of Mac-1 (CD11b/18)-positive cells adherent to the surface of vein grafts in ICAM-1 -/-mice is much less and the positive cells are more abundant in the intimal lesions of vein grafts in wild-type mice [235] . ICAM-1 is critical in the development of venous bypass graft arteriosclerosis.
Exposure of endothelial cells to shear stress results in increased ICAM-1 and MCP-1 expression via activation of NFkappa-B and the transcription factor AP-1 [236] . These molecules are essential for leukocyte-endothelial cell interactions and subsequently cell infiltration that is characteristic of the early lesions in vein grafts subject to elevated blood pressure. Mechanical stress induces VSMCs to express ICAM-1 via NFkappa-B activation. Animal models expression of ICAM-1 by VSMCs is associated with monocyte/macrophage accumulation in the vein grafts. VSMCs of ICAM-1 -/-mice do not express ICAM-1 and this correlates with the reduced neointimal lesions. ICAM-1 expression from VSMCs may be involved in the development of intimal hyperplasia in three ways. First, the interaction of MAC-1 and ICAM-1 on VSMCs may initiate intracellular signaling required for cytokine secretion by monocytes/macrophages. Support for this idea comes from the fact that macrophage inflammatory protein-1 (MCIP-1) production is induced in the cultured monocytes grown on ICAM-1 coated surfaces [237] . Second, binding of MAC-1 to ICAM-1 on VSMCs may be responsible for monocyte retardation in the vessel wall. Third, expression of ICAM-1 on VSMCs may be involved in the phenotypic change of VSMCs considered to be required for the migration and proliferation of VSMCs in the pathogenesis of atherosclerosis. The binding of MAC-1 to ICAM-1 on VSMCs may initiate signaling within VSMCs leading to changes in gene expression responsible for phenotypic change. Mechanical stress is a critical factor for initiating ICAM-1 expression in the vein grafts. Mechanical-stressinduced adhesion molecule and chemokine expression in the vessel wall are likely to be important for the inflammatory response.
SUMMARY
A large and growing body of evidence shows that mechanical stress significantly changes VSMC gene expression and both the proliferation and apoptosis. VSMCs sense and transduce mechanical stress signals to cellular responses via receptor-dependent and receptor-independent G protein-dependent pathways. In these pathways integrins, other receptors and small G proteins act as primary sensors. Integrins mediate cell adhesion and transduce signals induced by mechanical stress in VSMCs. Ras-dependent activation of signal pathway is also shared by several growth factor receptors. A number of intracellular signaling molecules including MAPKs, PKCs, MKP-1, and PKA are involved in the processes that lead to VSMC proliferation, growth inhibition or apoptosis. The cellular outcome depends on a balance between the availability of specific downstream targets such as PKC, MAPKs, as well as their targets (i.e., AP-1, NF-kappaB), and the ability of the signal to activate regulators of negative feedback such as MKP-1 and PKA.
The key events in our current knowledge of mechanical stress-induced signal transduction pathways in VSMCs are schematically presented in Fig. (6) . Physical force initiates signal pathways that lead to various cellular fates including vascular cell death and an inflammatory response followed by smooth muscle cell proliferation. The first events, in the input layer include the sensing and conversion of extracellular physical force mediated by integrins, receptors, and G proteins. The second event in the signal processing layer include integration of intracellular signals mediated by PKCs, MAPKs, MKP-1, and PKA as well as crosstalk between pathways. The final events in the output layer are the cellular responses including transcription factor activation, gene expression, and cell proliferation or apoptosis. The different levels of mechanical stress-induced signaling in VSMCs provide enticing targets for therapeutic intervention in the cases where VSMC apoptosis, inflammatory response or proliferation contributes to the vascular diseases. Fig. (6) . A model for mechanical stress initiated signal transduction in VSMCs. Mechanical stress elongates the cell membrane and results in exposure of the kinase domain of receptors tyrosine kinases and/or conformational changes of G proteins (GPCRs and heterotrimeric G proteins) leading to receptor autophosphorylation or the facilitation of GDP exchange for GTP. Integrins and ion channels are also involved in response to mechanical stress in VSMCs. After receptor activation there is subsequent activation of Raf, MEKs, and PKCs resulting in MAPK activation which mediates gene expression, protein synthesis and cell proliferation or apoptosis. MAPK activation can simultaneously mediate MKP-1 expression and/or PKA activation both of which are negative regulators for MAPKs and cyclins
